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(54) Integrated optical circuit having planar waveguide turning mirrors 



(57) An integrated optical circuit (110) having a turn- 
ing mirror (130) formed by an end surface of a planar 
waveguide (125) forms a turning mirror deflector sur- 
face. More specifically, the integrated optical circuit in- 
cludes a planar optical waveguide formed within a clad- 
ding layer (115) wherein the planar waveguide has a de- 
flector end surface positioned adjacent to a region, such 
as a gap (135). The refractive indices of the planar 



waveguide and region are in a ratio of no less than ap- 
proximately 1 . 3 to provide a desired refractive index dis- 
continuity This refractive index discontinuity in combi- 
nation with the positioning of the deflector end surface 
at an angle relative to an axis extending perpendicular 
to the direction of the waveguide in the range of 24° and 
67° enables an advantageous deflection of an optical 
signal. 
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D cription 

Fi Id of th Invention 

[0001] The invention is directed to integrated optical 
circuits, such as silica optical circuits, employing turning 
mirrors for directing optical signals into and/or out of pla- 
nar waveguides. 

Background of the Invention 

[0002] Integrated optical devices for directly process- 
ing optical signals have become of greater importance 
as optical fiber communications increasingly replace 
metal cable and microwave transmission links. Integrat- 
ed optical devices can advantageously be implemented 
as silica optical circuits having compact dimensions at 
relatively low cost. Silica optical circuits employ integrat- 
ed glass waveguide structures formed on silicon sub- 
strates. The basic structure of such devices is described 
in C. H. Henry et al., "Glass Waveguides on Silicon for 
Hybrid Optical Packaging" , 7 J. Lightwave Techno!., pp. 
1530-1539 (1989) (Henry et al. reference), which is 
herein incorporated by reference. 
[0003] Typically, in silica optical circuits, a silicon sub- 
strate is provided with a base layer of Si0 2 , and a thin 
core layer of doped silica glass is deposited on the Si0 2 
layer. The core layer can be configured to a desired 
waveguide structure using standard photolithographic 
techniques. Then, a layer of doped silica glass is depos- 
ited over the core layer to act as an upper cladding. Fur- 
ther, numerous passive optical circuit components have 
been formed within conventional silica optical circuits to 
desirably provide signal processing in addition to optical 
signal routing within the silica optical circuit structure. 
Examples including, for example, low-pass, high-pass, 
band-pass and notch filters, couplers, multiplexers and 
demultiplexers. Configurations of typical passive optical 
components formed within silica optical circuits are de- 
scribed in, for example, H.M. Presby, "Silica Integrated 
Optical Circuits" (SPIE Optical Engineering Press, Bell- 
mgham, WA 1996). 

[0004] However, typical optical circuit applications re- 
quire passive as well as active devices, such as optical 
signal detectors and transmitters as well as modulators. 
In order to provide such applications, conventional op- 
tical circuits often interconnect active devices with pas- 
sive optical devices formed within silica optical circuits 
using optical fibers. In such configurations, waveguides 
extend to edge surfaces of the silica optical circuits 
where edge connectors attach the optical fibers. How- 
even the attachment of the edge connectors undesirably 
increases circuit fabrication costs and the resulting con- 
figuration is typically undesirably larger than the silica 
optical circuit requiring greater space in an associated 
optical system. 

[0005] U.S. Patents 5,135,605 and 4,750,799 de- 
scribe fabrication techniques for producing hybrid inte- 



grated optical circuits in which active optical compo- 
nents are mounted on a top surface of a silica optical 
circuit. These hybrid integrated optical circuits have rel- 
atively compact dimensions compared to the previously 

5 silica optical circuits interconnected with active devices 
by optical fibers. In the hybrid integrated optical circuits, 
turning mirrors are positioned under a mounted active 
device and proximate an end of a planar waveguide to 
enable an exchange of optical signals between the ac- 

10 tive device and the planar waveguide. Conventional 
turning mirrors have reflective surfaces positioned op- 
posite an end surface of the planar waveguide and at a 
45° angle relative to the direction of the waveguide as 
well as a top surface of the circuit. 

is [0006] A cross-sectional side view of a exemplary op- 
tical circuit 1 having a conventional turning mirror con- 
figuration 5 is illustrated in FIG. 1. In FIG. 1, a planar 
waveguide 10 is formed between respective cladding 
layers 1 5 and 20. The cladding layer 20 is disposed on 

so a substrate 25, such as a silicon substrate. The turning 
mirror 5 is also positioned on the substrate 25 and has 
a reflective surface 7 at a 45° angle relative to the 
waveguide 10. A device 30, such as an optical signal 
detector and/or transmitter, is positioned on the mirror 

2S 5 and cladding layer 1 5. The device 30 is positioned to 
transmit an optical signal that deflects off the mirror sur- 
face 7 and into the waveguide 10 or receive an optical 
signal propagating through the waveguide 10 that is re- 
flected by the mirror surface 7. An exemplary path for a 

30 ijght signal to travel between the device 30 and planar 
waveguide 10 is depicted by dashed line 35. 
[0007] In accordance with the hybrid integrated opti- 
cal device fabrication technique of U.S. patent 
4,750.799, pre-fabricated mirror and waveguide compo- 

35 nents are secured to the substrate. However, such a fab- 
rication technique is prohibitively expensive in a mass 
fabrication environment. In contrast, the fabrication 
technique of U.S. patent 5,135,605 more advanta- 
geously forms cladding and planar waveguide layers on 

40 a substrate. Then, a multi-step etching process is em- 
ployed to create the profile of the turning mirror reflecting 
surface and waveguide end surface at the desired po- 
sitions in the circuit. Such an etching technique reduces 
circuit fabrication costs as well as enables the formation 

45 of a greater number of turning mirrors in area of the in- 
tegrated optical circuit. 

[0008] Nevertheless, a need exists for a less complex 
turning mirror configuration that can be implemented at 
lower cost. 

so 

Summary of the Invention 

[0009] The invention is directed to an advantageous 
turning mirror configuration for integrated optical cir- 
ss cuits. In an integrated optical circuit according to the in- 
vention, an end surface of a planar waveguide forms the 
turning mirror deflector surface instead of the conven- 
tional positioning of a turning mirror opposite an end sur- 
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face of a planar waveguide. More specifically, a circuit 
according to the invention includes a planar optical 
waveguide formed within a cladding layer wherein the 
planar waveguide has a deflector end surface posi- 
tioned adjacent to a region , such as a gap. The refractive 
indices of the planar waveguide and region are in a ratio 
of no less than approximately 1.3 to provide a desired 
refractive index discontinuity. This refractive index dis- 
continuity in combination with the positioning of the de- 
flector end surface at an angle relative to an axis ex- 
tending perpendicular to the direction of the waveguide 
in the range of 24° and 67° enables an advantageous 
deflection of an optical signal. 

[0010] Such an advantageous configuration enables 
an optical device, such as an optical signal detector and/ 
or transmitter to be positioned over the waveguide turn- 
ing mirror to enable optical signal communication be- 
tween the device and the planar waveguide. In an ex- 
emplary embodiment, it is possible to exchange 95% of 
the energy of an optical signal between the waveguide 
and the active device employing an angle in the range 
of approximately 43.2° to 60°. 

[0011] The turning mirror configuration of the inven- 
tion facilitates manufacture of hybrid integrated optical 
circuits at relatively lower cost than conventional inte- 
grated optical circuits. It is possible to, for example, fab- 
ricate such turning mirrors at end surfaces of the optical 
circuit by forming an edge surface of the circuit at the 
desired angle. In the alternative, it is possible to fabri- 
cate such a turning mirror configuration by directing a 
light beam of sufficient power in a particular wavelength 
range incident on a particular area of a cladding layer 
containing a waveguide and at an appropriate angle to 
vaporize the cladding layer and waveguide to form the 
waveguide end deflector surface as described in the 
comonly-assigned patent application entitled, "METH- 
OD FOR FORMING INTEGRATED OPTICAL CIRCUIT 
PLANAR WAVEGUIDE TURNING MIRRORS", co-filed 
herewith by H.M. Presby. 

[0012] Additional features and advantages of the in- 
vention will become more readily apparent from the fol- 
lowing detailed description and accompanying draw- 
ings. 

Brief Description of the Drawings 
[0013] 

FIG. 1 illustrates a cross-sectional view of an exem- 
plary turning mirror configuration in a conventional 
hybrid integrated optical circuit; 
FIG. 2 illustrates a perspective view of an exempla- 
ry turning mirror configuration in a hybrid integrated 
optical circuit in accordance with the invention; 
FIG. 3 illustrates a cross-sectional view of the hybrid 
integrated optical circuit of FIG. 2; 
FIG. 4 illustrates a graph depicting an exemplary 
relationship between the portion of an optical signal 



propagating in a planar waveguide that is deflected 
to a surface of the circuit of FIGS. 2 and 3 based on 
different ratios of refractive indices of a planar 
waveguide and a region adjacent an end deflector 

5 surface of the waveguide: 

FIG. 5 illustrates a graph depicting an exemplary 
relationship between the portion of an optical signal 
propagating in a planar waveguide that is deflected 
to a surface of the circuit of FIGS. 2 and 3 based on 

10 different deflection angles selected for a deflection 
end surface of the waveguide: and 
FIG . 6 illustrates a perspective view of an exempla- 
ry alternative integrated hybrid optical circuit con- 
figuration to that illustrated in FIGS. 2 and 3. 

75 

Detailed Description 

[0014] A hybrid optical circuit 100 having an exempla- 
ry turning mirror configuration in accordance with the in- 
20 vention is depicted in FIG. 2. A cross-sectional view of 
the hybrid optical circuit 100 of FIG. 2 taken along line 
3-3' is shown in FIG. 3. Referring to FIGS. 2 and 3, the 
hybrid optical circuit 100 includes an active optical de- 
vice 105, such as an optical signal transmitter or detec- 
ts tor, positioned over an integrated optical circuit 110, 
such as a silica optical circuit. Modulators are exemplary 
other devices useable for the active device 105. The in- 
tegrated optical circuit 110 includes a cladding layer 115, 
such as silica glass (Si0 2 ) formed on a substrate 120, 
30 such as a silicon substrate. 

[001 5] A planar optical waveguide 1 25 is formed with- 
in the cladding layer 1 1 5. The waveguide 1 25 has a de- 
flector end surface 1 30 substantially extending at an an- 
gle 9 relative to a V-axis perpendicular to the direction 
35 of the waveguide 125. The active device 105 is posi- 
tioned above the waveguide deflector end surface 130 
to enable exchange of optical signals between the de- 
vice 105 and the planar waveguide 125. An exemplary 
light path of an optical signal propagating in the planar 
40 waveguide 1 25 that is deflected by the deflector end sur- 
face 1 30 into the device 1 05 is illustrated as dashed line 
140 in FIG. 3. 

[001 6] In order to provide optical signal deflection be- 
tween the waveguide 125 and the device 105, a refrac- 
ts tive index discontinuity is produced at the waveguide 
end by a region 135, such as a recess or notch, posi- 
tioned adjacent to the waveguide end to produce the 
end surface 1 30 that deflects optical signals. The refrac- 
tive index discontinuity is produced by the region 135 
so having a refractive index n 0 relative to the refractive in- 
dex n core of the waveguide 120 wherein the refractive 
index ratio n core /n 0 is at least approximately 1 .3. 
[0017] The particular method selected for fabricating 
the silica optical circuit 110 is not critical to practicing 
55 the invention. An exemplary fabrication process for the 
silica optical circuit 110 is as follows: a base layer of sil- 
ica glass is deposited on the substrate 120, such as a 
silicon substrate using, for example, low pressure vapor 
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chemical deposition or flame hydrolysis: and then a thin 
core layer of doped silica glass is deposited on this silica 
glass layer; the core layer is then configured to the de- 
sired structure of the waveguide 125 using standard 
photolithographic techniques, such as lithography, etch- 
ing; and a layer of doped silica glass is then optionally 
deposited over the core layer to act as an upper clad- 
ding. A suitable doping profile for the doped silica glass 
is a uniform step-index distribution. While the proceed- 
ing description relates to silica on silicon waveguide de- 
vices, it should be understood that it is possible to fab- 
ricate the circuit on other substrate materials including, 
for example, fused quartz, ceramic or lll-V materials, 
such as InP or GaAs. 

[0018] The silica glass upper cladding and the base 
layer of silica glass form the silica glass 115. Suitable 
thicknesses for the base silica layer, core layer and up- 
per cladding layer are 1 0 to 20 jam, 4 to 6 jam and 0 to 
20 /am, respectively. Thicknesses less than 10 jam for 
the base silica layer are undesirable because of light 
loss to the substrate while thickness greater than 20 u.m 
are generally disadvantageous because of long depo- 
sition times required to form such thicknesses. For a de- 
tailed discussion of glass waveguides on silicon and the 
fabrication thereof., see, for example, C. H. Henry et al., 
"Glass Waveguides on Silicon for Hybrid Optical Pack- 
aging", 7 J Lightwave Technol., pp. 1530-1539 (1989), 
which is incorporated by reference herein. Although the 
above exemplary fabrication method produces a 
waveguide within the silica glass 115 that is completely 
buried, it is possible to fabricate such a waveguide within 
the silica glass 1 1 5 forming a portion of a silica glass top 
surface 1 50 or which are only partially buried. 
[0019] The invention advantageously employs the re- 
fractive index discontinuity at the waveguide end sur- 
face 1 30 in combination with particular deflector angle 
0 settings to deflect optical signals. In the illustrated em- 
bodiment, a recess 1 35 is used to achieve the disconti- 
nuity. It is possible to produce the planar waveguide 1 25 
having a refractive index n core on the order of 1 .46 using 
the previously described fabrication method. Since air 
has a refractive index on the order of 1 , the resulting 
refractive index ratio ricor(/ n o ' s a desirable 1 .46. 
[0020] The particular method employed to form the re- 
gion or recess 135 is not critical to practicing the inven- 
tion. An exemplary advantageous method for forming 
the recess is to vaporize the silica glass layer 11 5 in the 
recess shape using a light source, such as a laser, that 
produces a light beam having at least one wavelength 
in a particular wavelength range that is absorbed by sil- 
ica glass. For example, approximately 100% of a light 
beam in the approximate wavelength range of 5u.m to 
12um is absorbed by silica glass. In accordance with 
the advantageous method, such a light beam of suffi- 
cient power is directed incident on the region of the clad- 
ding layer at the desired deflector angle, wherein the 
corresponding absorption causes vaporization of the 
layer to produce the angled waveguide deflector end 



surface. Such a method is described in greater detail in 
the commonly-assigned patent application entitled 
"METHOD FOR FORMING INTEGRATED OPTICAL 
CIRCUIT PLANAR WAVEGUIDE TURNING MIR- 
5 RORS", co-filed herewith by H.M. Presby and incorpo- 
rated by reference herein. An alternative method of 
forming the refractive index discontinuity at the 
waveguide end 130 is to form the waveguide end sur- 
face 1 30 as an edge surface of the integrated optical 
to structure as is described below with regard to FIG. 6. 
[0021] It is possible for the formed recess region 1 35 
to have edge surfaces including the waveguide deflector 
end surface 130 that is, for example, entirely or partially 
rectangular, cylindrical or variations thereof. Substan- 
is tially rectangular shaped edge surfaces provide a sub- 
stantially flat waveguide deflector end surface 130 that 
causes little or no additional dispersion or spreading of 
an optical signal at a surface of the circuit 110 that had 
propagated from the waveguide 125. As a conse- 
20 quence, the active device 105 requires only an optical 
signal detector area of at least the cross-sectional area 
of the planar waveguide 1 25 to substantially receive the 
extent of the optical signal power exiting the surface of 
the circuit 110. 

25 [0022] In a similar manner, a substantially cylindrical 
waveguide deflector end surface 130 having an effec- 
tive curvature diameter of at least four times greater than 
a corresponding cross-sectional dimension of the planar 
wave guide advantageously would also cause little or 
30 no additional dispersion or spreading of an optical signal 
transmitted between the device 105 and planar 
waveguide 125. An effective curvature diameter of a 
surface corresponds to an approximate shape of a par- 
ticular dimension of that surface. 
35 [0023] However, a substantially cylindrical waveguide 
deflector end surface 130 having an effective curvature 
diameter of less than four times the cross-sectional di- 
mension of the planar waveguide causes a correspond- 
ing relative dispersion or defocusing or spreading of an 
•*o optical signal at the surface of the circuit 110. As a con- 
sequence in such an arrangement, a detector optical de- 
vice 1 05 should have a detector area that covers at least 
an adequate portion of the dispersed or spread area of 
a deflected optical signal to capture a desired portion of 
^5 the energy of an optical signal. 

[0024] FIG. 4 illustrates a graph 200 representing the 
deflection performance of exemplary turning mnrors in 
accordance with the invention for different refractive in- 
dex discontinuity ratios n core /n 0 between the respective 
50 refractive indices of the silica planar waveguide 1 25 and 
region 1 35 with a deflector angle 6 of approximately 50°. 
The vertical axis of the graph 200 represents the portion 
of an optical signal propagating in the p\anar waveguide 
that reaches the active device 105 after being deflected 
55 by the deflector end surface 130 in FIGS. 2 and 3, and 
the horizontal graph axis represents refractive index ra- 
tios n^g/np ranging from a ratio of 0.8 to 1.8. 
[0025] The graph 200 clearly illustrates that a refrac- 
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tive index ratio n core /n 0 o\ approximately 1.3 or greater 
produces a waveguide deflector end surface having ad- 
vantageous deflection properties. In particular, the use 
of a refractive index ratio n core /n 0 o\ approximately 1.3 
or greater produces a waveguide deflector end surface 
that enables greater than 95% of the power of an optical 
signal propagating in the waveguide to be deflected out 
of the structure for detecting by the active device 105. 
Thus, it is possible to employ a conventional silica planar 
waveguide having a refractive index n core of approxi- 
mately 1 .46 with air in the adjacent recess or region hav- 
ing a refractive index n 0 oi approximately 1 to produce 
an advantageous refractive index ratio n cor9 /n 0 o\ 1 .46. 
Such a configuration is capable of deflecting greater 
than 95% optical signal power out of the waveguide for 
detection by an active device on a surface of the inte- 
grated optical circuit or to cause 95% of the power of a 
transmitted optical signal by a mode-matched active de- 
vice 105 to enter the planar waveguide 125.. 
[0026] In contrast, a refractive index ratio n core /n 0 oi 
approximately 1 .2-or less provides a relatively poor de- 
flector surface with less 10% of the power of an optical 
signal propagating in the waveguide 125 being detect- 
able by the active device 105. A refractive index ratio 
n cor^ n o in the approximate range of 1 .2 to 1 .3 provides 
a deflector surface having a relatively widely varying de- 
flector performance for exchanging 10% and 95% of the 
power of an optical signal between the device 105 and 
the waveguide 1 25. Thus, it is possible to provide a turn- 
ing mirror in accordance with the invention with a refrac- 
tive index ratio n core /n 0 at a waveguide deflector end sur- 
face in the range of 1.2 to 1.3 if the corresponding de- 
flection performance is adequate with regard to the in- 
tended application of the integrated optical circuit 100. 
[0027] FIG. 5 illustrates a graph 300 representing that 
the deflection performance of a turning mirror is also ef- 
fected by the deflector angle 0 of the waveguide deflec- 
tor end surface 130 with respect to the /-axis, shown in 
FIGS. 2 and 3. The graph 300 is based on a silica planar 
waveguide having approximately square cross-section- 
al dimension of height and width of 6u,m and a refractive 
index ratio n core /n 0 at the waveguide deflector end sur- 
face of 1 .305. Two curves 310 and 320 are illustrated in 
the graph 300 for different shapes of the waveguide de- 
flector end surface. The curve 31 0 represents an optical 
signal deflection performance with a cylindrical 
waveguide deflector end surface having a diameter of 
approximately 20jim. 

[0028] In a similar manner, the curve 320 represents 
an -optical signal deflection performance with a deflector 
end surface having an effective curvature diameter of 
approximately 50fim or greater. Substantially the same 
deflection performance is achieved using a cylindrical 
waveguide deflector end surface having a diameter of 
50u.m or a substantially flat waveguide deflector end 
surface having an effective curvature diameter of sub- 
stantially infinity (II), both of which are represented by 
the curve 320. 



[0029] The curves 310 and 320 illustrate that employ- 
ing a deflector angle 6 in the relatively wide range of 
approximately 43° to 60° advantageously enables 90% 
or greater of the power of an optical signal propagating 
s from the planar waveguide 125 to be deflected out of 
the circuit 110 for detection by the active device 105. 
However, a deflector angle 6 between 24° and 43° as 
well as 60° and 67° is also useable in a circuit in accord- 
ance with the invention, albeit with a corresponding de- 

10 flection performance of less than 90% of an optical sig- 
nal detectable by the active device 105. 
[0030] An alternative method of forming the refractive 
index discontinuity at the waveguide end 130 in FIGS. 
2 and 3 is to form the waveguide end surface 1 30 as an 

*s edge surface of the integrated optical structure as is 
shown in FIG. 6. In FIGS. 2, 3 and 6. similar components 
are referenced by like numbers for clarity, for example, 
the waveguide 125 and the integrated optical structure 
110. In FIG. 6, the deflector end surface 130 of the 

20 waveguide 1 25 is located at an edge surface 1 50 of the 
integrated optical structure 110. Further the edge sur- 
face 150 is formed at the desired deflector angle 6 to 
produce the desired turning mirror operation. It is pos- 
sible to achieve the desired deflector angle G on at least 

25 a portion of the edge surface 150 to produce the 
waveguide deflector end surface 130 by, for. example, 
grinding and then polishing, or by cutting at the desired 
angle with a saw or laser beam. By using a portion of 
the integrated optical circuit edge surface 1 50 to provide 

30 the advantageous waveguide deflector end surface 
130, the region or area adjacent that edge performs 
same function as the recess 135 in the circuit embodi- 
ment illustrated in FIGS. 2 and 3. 
[0031] Although air is used to form the refractive index 

3S discontinuity in the illustrated embodiments, it is possi- 
ble to use other materials in the region 135 of FIGS. 2 
and 3 or a coating on the edge surface 1 30 for the em- 
bodiment of FIG. 4. 

[0032] Although several embodiments of the mven- 
^0 tion have been described in detail above, many modifi- 
cations can be made without departing from the teach- 
ing thereof. All of such modifications are intended to be 
encompassed within the following claims. For instance, 
although the invention has been described with respect 
^5 to planar waveguides formed within silica optical cir- 
cuits, it is possible for the invention to be implemented 
in integrated optical circuits formed of other materials 
including, for example, lithium niobate. Also, Although 
air is used to form the refractive index discontinuity in 
50 the illustrated embodiments, it is possible to use other 
materials in the region 1 35 of FIGS. 2 and 3 or a coating 
on the edge surface 130 for the embodiment of FIG. 4 
having a relatively low refractive including, for example, 
low-index liquids or polymers. 

55 
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Claims 1 2. The circuit of claim 1 wherein the planar waveguide 

has a refractive index of no less than approximately 
1. An optical circuit comprising: 1.45. 



a cladding layer; and 5 
a planar waveguide formed within the cladding 
layer the planar waveguide having a deflector 
end surface positioned adjacent to a region, a 
ratio of refractive indices of the planar 
waveguide relative to the region being no less 10 
than approximately 1 .3, and the waveguide de- 
flector end surface positioned at angle relative 
to an axis extending perpendicular to the direc- 
tion of the waveguide in the range of 24° and 
67°. 75 



13. The circuit of claim 1 wherein the region has a re- 
fractive index of approximately 1. 



2. The circuit of claim 1 further comprising an optical 
active device positioned on a major surface of the 
optical circuit proximate the waveguide deflector 
end surface for transmitting or receiving optical sig- 20 
nals to or from the planar waveguide. 

3. The circuit of claim 1 wherein the region is a recess 
formed in the cladding layer. 

25 

4. The circuit of claim 3 wherein the recess is a trench 
proximate the waveguide deflector end surface 
wherein said surface substantially extends in a 
plane. 

30 

5. The circuit of claim 3 wherein the recess and the 
waveguide deflector end surface is substantially 
curved. 



6. The circuit of claim 5 wherein an effective curvature 35 
diameter of the recess and the waveguide deflector 
end surface is at least four times greater than a cor- 
responding cross-sectional dimension of the planar 
waveguide. 

40 

7. The circuit of claim 3 wherein a material having a 
particular refractive index is disposed in the recess. 

8. The circuit of claim 1 wherein the planar waveguide 
deflector end surface forms a portion of an edge *s 
surface of the optical circuit. 



9. The circuit of claim 1 wherein the cladding layer 
comprises silica glass. 

so 

10. The circuit of claim 9 wherein the planar waveguide 
is a doped region of the silica glass cladding layer. 

1 1 . The circuit of claim 1 wherein the planar waveguide 
deflector end surface is positioned relative to the di- 55 
rection of the waveguide at an angle in the approx- 
imate range of 43° and 60°. 
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